Electrophysiological Techniques in the Investigation of Myocardial Dysfunction
The practical study of cardiac impulse formation and conduction was made possible initially by the development of the electrocardiogram (ECG), first recorded by Waller (1887) using a capillary electrometer, and through its subsequent application notably by Einthoven (1903) , Wilson (1915) and Lewis (1925) . Fifty years later, by virtue of its practical, noninvasive nature as a technique, the ECG is still our first line investigation in the assessment of disorders of cardiac rhythm and its value in deductive electrocardiography is being continually updated as newer, more sophisticated methods of investigation clarify the mechanisms of dysrhythmias and thereby complement its use.
Cardiac electrophysiology is currently in a phase of great progress as a result of timely and complementary advances in a number of different fields where new investigation techniques have been applied. There have been four notable areas of progress in recent years: (1) The use of microelectrodes in unicellular and multicellular studies.
(2) The investigation of monophasic action potentials with suction catheter electrodes. (3) Percutaneous catheter electrode techniques for intracardiac recording (including His bundle electrography) and programmed electrical stimulation of the heart. (4) Mapping studies of epicardial, transmural and endocardial activation sequences. These four new techniques of investigation will be examined in more detail with particular emphasis on the intracardiac electrophysiological studies in man which now have a very valuable and established role in the assessment of some of the more complex abnormalities of cardiac rhythm.
Microelectrode Studies
The microelectrode was introduced initially by Ling & Gerard (1949) ; however, its application to the study of electrical events occurring in single or groups of myocardial cells has been markedly enhanced recently by technical advances in electrode handling and visualization and in the development of ancillary equipment used for recording and stimulation. Changes in the five phases of the cellular transmembrane action potential, fibre conduction and impulse formation have been studied in relation to varying electrolyte (potassium, sodium, calcium), nutritional (glucose, oxygen) and pharmaco-logical interventions as well as to premature and incrementally continuous depolarizations (Cranefield 1975). The techniques of voltage clamping with sucrose gaps or microelectrodes (Hoffman & Cranefield 1960 , Weidmann 1961 , Noble' & Tsien 1969 , Trautwein 1973 have clarified many of the features of cell conduction, refractoriness and impulse formation which occur with fast and slow movements of specific ions and the results of conduction studies in fibres with diminished excitability have been of direct relevance to a number of mechanisms underlying arrhythmias. Slow conducting fibres are present physiologically at the sino-atrial node and in the atrioventricular node of Tawara but may also be found at any site within the heart where there is partial damage or injury to myocardial cells.
'Barrel' electrodes permit single cell penetration with up to five micropipettes without cellular injury. These provide channels for the introduction of pharmacologically active agents into the cells by ionophoresis and thereby the means to observe the effects of chemical interventions on myocardial cell function. It is from such studies that new antiarrhythmic agents may be classified in terms of their sites and mechanisms of action (Vaughan Williams 1970) .
The behaviour of cells typifying specific cardiac regions (the sinus node, the sino-atrial perinodal region, the atria, the AV nodal approaches and the core, the His bundle and distal His-Purkinje system and the ventricles) has been defined and highlights the important differences between regions of dominant automaticity, slow conduction and fast conduction.
Multiple electrodes such as the 'brush electrode' (Janse et al. 1971) and the compass electrode are used to map conduction sequences on a minute anatomical scale, for example in regions such as the AV node where it has been possible to show the convergence and divergence of electrical impulses in this complex region of junctions and fibre interconnexions.
Local cellular phenomena observed during pacing or pharmacological studies often relate to phenomena observed in the intact heart situation and properties of absolute and relative refractiveness; conduction delays; vulnerability to fibrillation; super-normal conduction; Wedensky facilitation; longitudinal dissociation and re-entry all have their counterpart to arrhythmias in man. In particular, the phenomenon of re-entry, which is increasingly recognized as the mechanism directly or indirectly underlying some arrhythmias, has been studied in model preparations with microelectrodes and voltage clamping (Cranefield 1975, p 153) where local areas of slow conduction and unidirectional block, the hallmark of re-entry, can be created and controlled. Fragility of the microelectrode prevents its application to the study of the intact heart in situ but the same principles of transmembrane cellular recordings are used in the suction catheter electrode technique for recording the monophasic action potential.
Monophasic Action Potentials and the Suction Electrode
The counterpart to cellular studies of the action potential is obtained by use of the suction catheter electrode (Hoffman & Cranefield 1960 , Olsson 1971 ). The electrode, which is introduced percutaneously and advanced transvenously to the right heart, is applied to the atrial or ventricular endocardium by a negative pressure for periods of up to two minutes. It records the dynamic potential difference between a small area of injured myocardium (damaged cell wall permitting equilibration with the cell interior: inner pole) and a neighbouring region of healthy myocardium touching the outer pole (cell membrane). The resultant bipolar electrogram which theoretically relates cell membrane potential to the potential of the cell interior is termed the monophasic action potential. Approximately threefold amplification of the monophasic action potential results in a configuration very similar to that of the transmembrane cellular action potential.
Using this technique, arrhythmias and the effects of pacing and of pharmacological interventions on the five phases of either atrial or ventricular myocardial depolarization-repolarization can be studied (Gavrilescu et al. 1972 , Olsson et al. 1973 , Puech et al. 1974 ). The major 10 limitation to this technique is in the inability to locate the electrode tip exactly to a specific endocardiaf site and observations on SA nodal, AV nodal and His-Purkinje system electrical events are particularly difficult to obtain.
Intracardiac Recording and Programmed Electrical Stimulation ofthe Heart
The percutaneous clinical electrophysiological study combines regional intracardiac recording with programmed pacing procedures and with pharmacological interventions. It is in this field of cardiac electrophysiology that there has been a particularly helpful contribution to the understanding and assessment of cardiac dysrhythmias.
The technique of regional intracardiac recording and stimulation comprises the percutaneous introduction, under local anesthesia, of 3-6 one centimetre bipolar electrode catheters (4-6F) which are positioned to permit recording and stimulation at selected intracardiac sites. These usually include the high right atrium (HRA), the low right atrium (LRA), the left atrium either directly through a patent foramen ovale, an atrioseptal defect or an elective transeptal puncture site (LA), but more usually indirectly via the coronary sinus (CS), the His bundle (HB) and the right and/or the left ventricle (RV/LV) (Fig 1) . An understanding of the sequence of events occurring in the AV node, the SA node and the specialized His-Purkinje system is often crucial to the understanding of mechanisms responsible for many disorders of cardiac rhythm whether they be conduction block, bradycardia or tachycardia. The standard surface electrocardiogram fails to display the activity of these important regions (Fig 2) while direct intracavity studies Simultaneously recordedstandard leads I and III andprecordial leads V, and V6 ofsurface electrocardiogram. B, normal values (in milliseconds) for conduction intervals measuredfrom the HBE. c, $RV, right ventricular electrogram; RBBE, right bundle branch electrogram markedly enhance the value of deductive electrography by a more obvious portrayal of regional activities. Further details of the recording equipment, the stimulator (Fig 1) and the techniques of regional intracardiac recording are reported elsewhere (Curry 1975) . While endocardial electrograms were initially recorded by Lenegre & Maurice (1945) , perhaps the most important advance was the recognition of the His bundle potential by Alanis et al. (1958) and first in man by Giraud et al. (1960) .
The His potential is a biphasic high frequency spike obtained from a bipolar catheter positioned across the atrioventricular junction, near the septal leaflet of the tricuspid valve. A safe and reliable technique for consistently recording the His bundle electrogram (HBE) in man was first described by Scherlag et al. (1969) . The HBE comprises three regional electrograms (Fig 3) . In anterograde sequence the first complex is that of the low right atrium in the area of the AV node (A). This is followed approximately 80 milliseconds later by the His bundle deflection (H) which represents activation of the proximal specialized His-Purkinje system. Thirdly, there is the broad ventricular complex (V) which represents activation of the ventricles. The recording paper speed is usually four times the normal, i.e. 100 mm/s and the signals are recorded within the frequency range of 20-700 Hz. Appropriately positioned catheters may also record the discrete bundle branch electrograms further subdividing the PR interval (Fig 3c) .
The His bundle electrogram thus shows two major conduction intervals: the A-H interval which represents the time taken for an atrial impulse to be conducted from the low right atrium across the AV node to the proximal His bundle, the normal conduction time being between 60 and 120 ms; and the H-V interval which represents the time taken for the impulse to be conducted to the ventricles from the His bundle, usually 30 to 50 ms (Fig 3B) . By recording the HBE simultaneously with selected atrial electrograms (HRA, LRA, and CSE), and four surface electrocardiograms (Standard leads I and III, and precordial leads V1 and V6) it immediately becomes possible to follow patterns of electrical activation within the heart, whether they be normal or abnormal, noting regions of inappropriate delay or block (Puech & Grolleau 1972) , pathways of accelerated conduction or bypass (Wellens 1971) , focal automaticity (Wellens et al. 1974 ) and sites of action of pharmacological agents (Spurrell etal. 1974 (Bharati et al. 1974) .
Intracardiac recording itself is a passive phenomenon permitting only the analysis of overt rhythm disorders and being unhelpful alone in the detection of latent or paroxysmal abnormalities. These may be revealed by combining pacing proceduresprogrammed electrical stimulation of the heartwith recordings of regional electrograms (Wellens 1971) .
The normal heart responds predictably to the introduction of single or multiple premature beats and to incremental continuous pacing; the two major pacing programmes. For example, the AV node delays conduction of premature or rapid atrial impulses (other than sinus tachycardias) which can be seen as prolongation of conduction time or block between the A and H electrograms of the HBE. At critical atrial pacing rates partial second degree AV block is induced in the AV node (normally at heart rates in the order of 140 to 180 bpm.). An inappropriate AV nodal delay or early block would then be indicative of AV nodal dysfunction. Intra-atrial, intra-Hisian and intraventricular conduction abnorrnalities may similarly be provoked and revealed programmed electrical stimulation which would be otherwise inapparent in the resting tracings and which in terms of paroxysmal symptoms of, say, episodic altered consciousness may be extremely important to expose.
Sites at which antiarrhythmic drugs act may also be studied in this way. Refractory periods of the different cardiac regions can be studied before and after pharmacological interventions by the technique of the single extrastimulus test (Wellens 1971) and where an anomalous accessory pathway exists between the atria and ventricles, as in the Wolff-Parkinson-White and Lown-Ganong-Levine syndromes, information regarding the fastest rates of one-to-one conduction across the accessory pathway and its refractory period are essential in the assessment of its electrophysiological properties in relation to paroxysmal tachyarrhythmias which may complicate such syndromes (Coumel et al. 1972) .
It is increasingly recognizeds that re-entry or reciprocating tachycardias comprise the major group of paroxysmal tachyarrhythrhias. Their circuits may be located purely in the sinus node, the atria, the ventricles or in the AV junction nvolving either two intranodal pathways or an htranodal pathway linked in series with an xt4nodal or accessory tract. Programmed electrical stimulation permits the localization and study of such tachycardia circuits. These re-entry tachyarrhythmias can be initiated, terminated or selectively modified by single or double critically timed premature beats introduced by stimulator synchronization and triggering to the tachycardia.
Where such studies clarify the abnormal mechanisms responsible for the arrhythmia a more logical approach to therapy can be adopted, particularly if the study has included acute drug interventions to mimic the response to oral antiarrhythmic agents suggested as being appropriate for the particular problem under assessment. Drugs such as verapamil, which acts specifically on AV nodal tissue, and quinidine, which suppresses conduction in all regions other than those containing 'slow conducting' fibres such as the AV node, can be used diagnostically during the electrophysiological study to characterize conduction pathways as well as assess their special value in treatment.
Pacemakers for both bradyand tachyarrhythmias are available and their value can be prejudged during the intracardiac tests.
Disturbances of slow and rapid irhpulse formation from either physiological or nonphysiological (ectopic) sites may also be studied by programmed electrical stimulation although further research is needed in the interpretation of some of the findings obtained during the assessment of these abnormal mechanisms.
Epicardial, Transmural and Endocardial Mapping Studies Direct epicardial recording was pioneered by Lewis & Rothschild (1915) but only in the last fifteen years has it been possible to apply such surface mapping studies to the localization of rhythm abnormalities and their subsequent surgical management (Cobb et al. 1968 , Fontaine et al. 1972 ). Once again it was the concurrent development of open chest surgery and scientific instrumentation which permitted mapping studies to be used in a practical role in man.
The technique of epicardial recording at thoracotomy consists of mapping the heart surface with a gently applied, hand-held, closebipolar electrode which records the local atrial or ventricular electrogram and relating this to activation times as recorded at an independent reference electrode situated on the endocardium, on the epicardium or in the myocardium (transmural). About 70 grid points on the surface of the heart are mapped and related to a photo-graphic or diagrammatic replica of the heart. Isochrone maps are created from the results and these indicate the sequence of activation over the heart surface. Re-entry tachycardia circuits, ventricular pre-excitation or ectopic foci can be located in this way and where possible corrected surgically following the analysis of the exposed mechanisms, particularly where this is assisted by on-line computer interpretation.
Transmural plunge electrodes with multiple small bipoles have been developed to permit the recording of transmural activation sequences (Durrer et al. 1970) although their use in man is limited.
Direct endocardial recording at open heart surgery not only of the working atrial and ventri-*cular myocardium but also of the specialized conducting tissues promises to be most helpful particularly in the field of congenital heart surgery and in the validation of catheter study observations (Kupersmith et al. 1974) .
When one reflects that in the 1940s knowledge of heart rhythm and its disturbances was considered to be at its insurmountable peak, one can understand that it must have been extremely difficult at that time to envisage the developments which have suddenly accumulated in response to the application of these new techniques of investigation. There are many aspects of heart rhythm still to be studied and new sitespecific pharmacological agents to be developed. Finally, it must be emphasized again that such sophisticated invasive studies, far from replacing the ubiquitous, reliable and increasingly practical electrocardiograph, support its role and enhance its deductive value as well as provide a further line of investigation in cases of complex or refractory rhythm disorder. Dr M F Oliver (Department ofCardiology, Royal Infirmary, Edinburgh, EH3 9 YW)
Metabolic Intervention in Acute Isch&tmia
My thesis is that, during acute ischaemia, ventricular arrhythmias and failure of contractility result very largely from an energy crisis and correction of this by metabolic intervention should make it possible to reduce the incidence of arrhythmias and improve myocardial performance.
Metabolic Response in the Myocardium to Acute Ischwmia First, it is necessary to remember that the myocardium relies principally on free fatty acids (FFA) for its nutrition both at rest and during exercise. Thus, it has been shown that at rest and in the fed state the myocardium utilizes substrates in about the following proportions: free fatty acids 65%, glucose 15%, lactate and pyruvate 12% and amino acids 5 %. The pathways of
